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Abstract
In many models incorporating the type-I seesaw mechanism, the right-handed neutrino (N)
couples to heavy vector/scalar bosons and thereby has resonant pair production. It barely receives
attention thus far, however, it may provide the best avenue to probe TeV scale N without requiring
anomalously large mixing between N and the active neutrino νL. In this paper we explore the
discovery prospects of (mainly heavy) N pair production at the 14 TeV LHC and future 100 TeV
pp collider, based on the three signatures: 1) trilepton from N(→ `W`)N(→ `Wh) with W`/h the
leptonically/hadronically decaying W ; 2) boosted di-Higgs boson plus 6ET from N(→ νLh)N(→
νLh); 3) a single boosted Higgs with leptons and 6ET from N(→ `W`)N(→ νLh). At the 100 TeV
collider, we also consider the situation when the Higgs boson is over boosted thus losing its jet
substructure. Interpreting our tentative results in the benchmark model, the local B − L model,
we find that the (multi-) TeV scale N can be probed at the (100) 14 TeV colliders.
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I. INTRODUCTION AND MOTIVATION
That neutrinos possess tiny but non-vanishing masses is one of the most confirmative
evidence that the standard model (SM) is not a complete theory and we should go beyond
it. For instance, one can introduce right-handed neutrinos (RHNs) NR and realize the
canonical seesaw mechanism [1],
Lseesaw = −yN ¯`LH˜NR − MN
2
(NR)cNR + h.c., (1)
where H˜ = iσ2H
∗ with H the SM Higgs doublet. For illustration, only one generation is
considered here. This canonical seesaw mechanism offers the most elegant and economical
explanation to the origins of nonzero neutrino masses. However, its tests at current and
future colliders are not that promising for two reasons.
First, RHNs are singlets with respect to SM so they can be produced via neither elec-
troweak nor strong interacting processes. Second, the mass of active neutrino and its mixing
with RHN are estimated by
mν ' y
2
Nv
2
2MN
(v = 246 GeV), ViN '
√
mν/MN (i = e, µ, τ) (2)
Thus, the RHN is either extremely heavy and thus not accessible at colliders, or extremely
weakly coupled to SM particles, suppressed by yN  1 for a weak scale RHN. But a nontrivial
flavor structure may allow significant deviations from the above estimation on mixing angle
and a sizable mixing angle can be realized [2–8], also known as low scale seesaw [9–11]
Then, it is possible to probe the RHN sector by means of:
1. The signature containing same-sign dilepton 1 pp→ W ∗ → NR`± → `±`±jj with ` =
e/µ [13–15], which is most sensitive to MN below MW such that the production cross
section is resonantly enhanced. For instance, the CMS 20 fb−1 data at
√
s = 8 TeV
can exclude |VµN |2 & 3× 10−6 for MN .MW/2 [16]; an improvement is possible after
taking into account the contribution from the NR`j production [17]. The sensitivity
deteriorates quickly for heavier RHN, e.g., in the light of a recent study [13], to probe
MN = 1 TeV, one has to accumulate 3000 fb
−1 data at
√
s = 13 TeV even if |VeN |2 is as
large as 2× 10−2 2 and moreover taking into account the photon-mediated production
pp→ W ∗γ∗ → NR`±jj which benefits in infra-red enhancement [18, 19].
1 With CP phases and non-degenerate RHN, the opposite-sign dilepton signature can be dominant. It can
be used to explain the recent CMS excess [12].
2 The authors also study the search at 100 TeV machine with integrated luminosity of 3000 fb−1, and find
that the improvement is limited, hardly approaching the region |V`N |2 . 10−3 for MN >1 TeV.
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2. The displaced vertex search at LHC which has negligible SM background is sensitive to
light and long-lived RHN from either W boson [20–22] or Higgs decay [23]. However,
the search turns out to be invalid for heavy RHN.
3. Searching for channels like e+e− → NRνL, NRe±W∓, and so on [24–26] at a lepton
collider which has clean environment. But the search limits on RHN mass at lepton
colliders are bounded by their collision energy, which is typically much lower than that
of hadron colliders.
In summary, in order to probe a RHN with mass at least a few hundred GeVs, one needs a
sizable active-sterile neutrino mixing angle [27], which definitely has been excluded by the
indirect constraints like Electroweak Precision Tests (EWPT). Moreover, the chance opens
only for the mixing with light lepton flavors. In other words, the search will be highly
dependent of flavor models. Therefore, it is justified to conclude that there is very little
chance to probe TeV scale RHN in the simplified framework, Eq. (1).
However, those RHNs could have additional interactions which allow an abundant pro-
duction of RHNs even in the decoupling limit between the RHN and active neutrinos. A
good example is the local B −L extended SM models (BLSM) [28–30] where the RHN pair
couples to both new heavy vector and scalar boson X that breaks U(1)B−L gauge symmetry
spontaneously. The bosons can mediate the RHN pair production in the s−channel [31, 32],
admitting a resonant enhancement. In this paper we concentrate on searching for RHNs in
pair production, which offers new avenues to probe RHNs, in particular in the heavy RHN
region that is hardly accessible via the conventional search strategies summarized above.
We study three channels, WW , hh (with h the SM-Higgs boson) and as well hW , in
detail, both at the 14 TeV LHC and at the future 100 TeV pp-collider. We attempt to draw
a tentative global picture of RHN pair searches on the MN −MX plane with MX & 2MN .
In most of the parameter space on this plane, the Higgs boson from heavy RHN decay is
expected to be highly (even over) boosted and therefore even the pure hadronic channel can
be searched for, says boosted di-Higgs boson plus 6ET [33]. Typically, the WW channel
is the most hopeful. But in certain parameter space the mixed channel hW or even the
hh channel instead can provide the strongest sensitivity. We apply our searches to the
benchmark model BLSM and find that the multi-TeV RHN can be probed at 14 TeV LHC;
at the 100 TeV collider, the remarkable 10 TeV mass scale is possible, which enables us to
cover most of the parameter space of low scale seesaw mechanism. In particular, hopefully
the resonant leptogenesis scenario [34] can be examined.
This work is organized as follows. In Section II, we introduce the model frameworks in
which the RHN pair production is important. In Section III, three signatures of RHN pair
production at the 14 TeV LHC and future 100 TeV pp collider are studied. The conclusion
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is given in Section IV.
II. SIMPLIFIED MODELS WITH RHN PAIR PRODUCTION
In many UV models that incorporate the type-I seesaw mechanism, RHNs participate
in new interactions, Yukawa and/or gauge interactions. For our purpose, studying pairly
produced RHNs at the hadronic colliders, it is enough to work in the following simplified
models which can effectively describe the UV models [33]:
−LX =1
2
M2XXµX
µ + gNNRγµNRX
µ + gq q¯γµqX
µ, (3)
−Lφ =1
2
m2φφ
2 +
λN√
2
φ(NR)cNR + sin θ
αs
mt
φGG. (4)
We will be interested in heavy resonances, a vector boson Xµ or a scalar φ, such that the
pair production of RHN can be resonantly enhanced. This is well consistent with the fact
that current searches on new resonance have already pushed them to the heavy region.
The scalar resonance acquires coupling to gluons via its mixing with the SM Higgs boson.
Viewing from the current LHC Higgs data, this mixing angle (θ) is still allowed to be as
large as 0.4 [35]. However, it encounters the perturbativity problem as mφ goes into the
multi-TeV region [33]; we will come back to this point soon later.
As a matter of fact, the above simplified models usually are simultaneously presented
in the UV completions where RHNs are charged under a new gauge group; RHNs must
also couple to a scalar field which breaks the gauge symmetry to acquire Majorana masses
MN ' λNvX/
√
2, with vX the breaking scale of new gauge symmetry. It is true not only
for an Abelian gauge group UxB−yL but also for a non-Abelian gauge group like SU(2)R.
Generically, the new gauge bosons (whose masses and gauge coupling strengths) are strongly
restricted by the experimental data and therefore contribute to RHN pair production in-
significantly. For instance, in the benchmark UV completion BLSM (see an introduction to
this model in Appendix. A), ZB−L couples both to quarks and leptons, thus being stringently
constrained by the dilepton resonance searches at the LHC [36, 37]. In another example,
models with a local U(1)L, ZL can induce the Lagrangians in Eq. (3) only in the case of
sizable mixing between the gauge bosons of U(1)L and U(1)Y , so again we run into a similar
situation as the BLSM. Therefore, in the lighter RHN region φ tends to be more important
than X. However, in the heavier RHN region X turns out to be more important.
Let us explain why the φ-channel can be the dominant contribution to the RHN pair
production only for a relatively light φ (thus light RHN), not significantly above the TeV
scale. The arguments are from two aspects. One aspect is from perturbativity. For demon-
stration, we work in the models with a new local U(1) which is broken by a new Higgs field
4
Φ that develops a VEV vX ≡ 〈Φ〉/
√
2. 3 The spectra of this Higgs sector has been presented
in Appendix. A. From Eq. (A4) one has m2h ≈ λ12 v2 − sin2 θm2φ; see the various definitions
therein. So, for a heavy mφ & 1 TeV, keeping a sizeable mixing angle sin θ ∼ 0.4 must
require a large Higgs quartic coupling λ1 [38]; a multi-TeV φ is disfavored according to the
perturbativity of λ1.
We now move to the other aspect. One can also show that, φ dominantly decaying into
a pair of RHN, only happens in the relatively light φ region. A heavy φ with a relatively
large mixing angle would imply a large λ12, which could make φ→ hh easily dominate over
other decay modes. One can estimate the condition for it not to happen. Explicitly, the
decay widths of φ→ hh and NN are respectively given by
Γ(φ→ hh) ≈ cos
6 θ
32pi
(
λ12vX
4mφ
)2
mφ and Γ(φ→ NRNR) ≈ cos
2 θλ2N
32pi
mφ
(
1− 4M
2
N
m2φ
) 3
2
. (5)
If aside from φ → NRNR all other decay modes of φ are inherited from the SM-like Higgs
boson, then φ→ W+W− is the dominant one, the partial width of which is twice Γ(φ→ hh)
in the high energy limit mφ  mh,mW and the decoupling limit cos θ → 1. This relation
is underlaid by the equivalence theorem. As a rough estimation, taking cos θ → 1 and
neglecting the phase space suppression factor, the condition for the NRNR-mode dominating
over the WW -mode is λN & λ12/(2
√
λ2); we have approximated mφ as
√
λ2/2vX in the light
of Eq. (A3). It is illustrative to rewrite this condition as
MN
mφ
& R
2
| sin θ| = 0.5×
(
R
5
)( | sin θ|
0.2
)
. (6)
Thus R ≡ vX/v can not be very large, otherwise we have MN > 0.5mφ for a sizable sin θ,
resulting in a forbidden φ→ NRNR channel. Immediately, a relatively small R . 5 implies
a relatively light φ, whose mass is mφ '
√
λ2/2Rv ≈ 1.7
(
λ2
4
)1/2 (R
5
)
TeV.
The RHN decay modes are well studied in literatures (see for example Ref. [5]). They
can be calculated from the following Lagrangian:
L ⊃− g√
2
¯`
LγµUνNNW
µ − g
2 cos θw
ν¯γµU
†
ννUνNNZ
µ − h
v
N cMdiagN U
†
νNUPMNSν + h.c., (7)
where the definitions of matrix UνN , etc., can be found in Appendix. B. Here ν and N denote
the active and sterile neutrino in the mass eigenstates, respectively. For a TeV scale RHN,
3 The statement at the beginning of this paragraph is based on the assumption that Eq. (4) is derived from
UV models where RHN gains mass dynamically; relaxing it the statement may be not true.
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its decay well respects the equivalence theorem which leads to the following relations [5]:
Γ(Nα → W−`+i ) = Γ(Nα → W+`−i ) ≈
g2
64piM2W
M3N |(UνN)iα|2.
Γ(Nα → Zνi) ≈ Γ(Nα → hνi) ≈ g
2
64piM2W
M3N |(U †PMNSUνN)iα|2. (8)
If the final flavors are inclusive, we can readily check that indeed the decay widths of these
decay modes are equal. However, the hierarchical mixing with |(UνN)3α|2  |(UνN)1,2α|2
is also possible. It has important implication to the W` mode, which then is dominated
by the τ−flavor and hence is not easy to be probed at LHC. Actually, the W` mode in
the e/µ−flavor case has received some attention before [39–42]. While the Higgs mode was
just considered recently [33], focusing on the boosted Higgs region. This channel does not
concern the lepton flavor, so it instead may provide the best chance in the τ−flavor case.
As for the Zν mode, it is promising only for the leptonic Z decay, which nevertheless is
suppressed by the small branching ratio ' 6.8%. Thus in this paper we will concentrate on
three channels, di-W , di-Higgs and as well hW to search for the RHN pair at 14 and 100
TeV hadron colliders, as shown in Fig. 1.
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FIG. 1: Resonant production and decay of the RHN pair. The boosted Higgs bosons are schemat-
ically depicted within a small cone.
III. COLLIDER SEARCHES
In our collider studies, both the X resonance mass MX and the RHN mass MN will be
treated as free parameters. And our goal is to develop a global picture of the discovery
prospect on the MX −MN plane with MX > 2MN by studying RHN pair production with
subsequent decay N → hνL or N → lW . As the two mass parameters would pass through
a wide region, the kinematic features of the final states will experience significant changes.
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On the other hand, it is almost impossible to optimize cuts for each grid (in the (MX ,MN)
plane) in the light of the corresponding kinematic features. Therefore, we will select five
benchmark points S1-S5 (defined later), which are supposed to be representative for the
entire patterns of kinematic features over the full mass region 4. Five signal regions are
obtained after optimizing the cuts for those benchmark points. Then, we apply the signal
regions to explore the wide region in the (MX ,MN) plane
5.
The five benchmark points as well as their basic features are presented in the following
(hereafter we will take X as Z ′):
S1: MZ′ = 0.35 TeV & MN = 150 GeV Both particles are light, so neither N nor its
secondary decay product h/W is boosted. The resulting jets and leptons are relatively
soft, and thus are easy to be buried in the SM backgrounds.
S2: MZ′ = 1.45 TeV & MN =700 GeV Both are heavy but Z
′ mass is near the threshold
2MN such that N is non-boosted; h/W is well boosted due to the heaviness of RHN,
so the angular separation between the decay products of h/W typically are small:
∆Rbb¯(jj) ∼
2mh/W
pT (h/W )
∼ mh/W
MN
2
(
1−m2h/W/M2N
) ∼ 0.7(0.5). (9)
This feature enables us to tag the Higgs jet using the jet substructure technique [44].
S3: MZ′ = 1 TeV & MN = 150 GeV For this pattern, the produced RHNs are highly
boosted and travel back to back. On the other hand, since the mass difference between
N and its decay products h/W is small, it rises problems both in the N → hνL and
N → lW channels. For the former, two neutrinos just like the RHN pair are flying
back to back, thus rendering a small vectorial 6ET . As for the latter channel, the
angular separation between the lepton and W is fairly small,
∆RlW ∼ 2(MN −MW )
pT (N)
∼ 2× MN −MW√
M2
Z′−4M2N
4
∼ 0.3. (10)
As a consequence, the lepton tends to be non-isolated because it is too close to either
another lepton from a leptonically decaying W (W`) or the jets from a hadronically
decaying W (Wh).
4 Of course, the cuts can be improved, even significantly, if we are restricted to a small mass region. Thus
our results are fairly conservative.
5 For each grid on the (MZ′ ,MN ) plane we will apply all of these cuts and the one that gives the best search
sensitivity will be chosen.
7
S4: MZ′ = 5 TeV and MN = 700 GeV Both N and h/W from N decays are boosted.
Their heaviness make the jets/leptons in the final states energetic. Moreover, despite
of the boosted RHNs, the hard lepton from N → `W does not suffer a serious isolation
problem, because their angular separation is ∆RlW ∼ 0.5.
S5: MZ′ = 10.05 TeV and MN = 5 TeV We design this benchmark point to represent
super boosted h/W , whose cone size is estimated to be
∆Rh,W =
2mh,W
pT (h,W )
∼ O(0.1), (11)
which is even smaller than current jet area resolution at LHC, σ(R) ∼ 0.2 [45, 46]. In
this case, neither h nor W shows any substructure and we can only observe a narrow
jet with a relatively large invariant mass.
We adopt the UFO model files of U(1) extended SM [47], written by FeynRules [48].
The monte carlo events for the signal and backgrounds are generated through Mad-
Graph5 aMC@NLO [49], in which the Pythia6 [50] is used for decaying SM particles, parton
showering and hadronization. The Delphes3 [51] with default ATLAS setup is chosen for
our fast detector simulation. We adopt the same b-tagging method as in Delphes throughout
the analysis in this paper. Concretely speaking, a jet is tagged as a b-jet with probability
70% if a parton level b quark is found within the cone with size ∆R = 0.3 centred on the
jet direction; otherwise, the b-tagging probability is 20% or 0.5% depending on if a charm
quark is found or not.
The analysis procedure on each benchmark point is as the following. First, we apply
some preselection cuts to guarantee the existence of certain objects, which are necessary
for the reconstruction of kinematic variables. Then, we feed back these variables to the
TMVA package in the ROOT and calculate the multi-variable analysis (MVA) response
distribution. Concretely, the BDT method is used for MVA. Finally, we impose a cut on the
BDT variable such that the signal significance is maximized and at the same time sufficient
signal events are retained. In the rest of this section we will first study the di-W , di-Higgs
and hW channels case by case at the 14 TeV LHC and the 100 TeV future pp collider, and
at last combine them to find the farthest reach on RHN search in the BLSM.
A. The di-W channel: trileptons
For this channel, both RHNs decay into `W resulting in the final states W∓W∓`±`±. It
is the most promising channel and presents three remarkable signatures, same-sign dilepton
8
(SSDL), trilepton 6 and four leptons. Note the SSDL mode only occurs for Majorana RHN,
while the trilepton and four lepton modes occur for both Dirac and Majorana RHN. The
individual branching ratios for Majorana RHN can be estimated as follows: 1) For SSDL,
only half of the final states contribute to it and moreover both W bosons should decay
hadronically, thus giving rise to a suppression factor 1
2
× Br2(W → jj); 2) for trilepton,
any combinations of final states are allowed, but one W should decay leptonically, leading
to a suppression 2 × Br(W → jj) · Br(W → `ν); 3) for the four lepton, obviously it has a
suppression Br2(W → `ν). Therefore, we obtain their relative ratios
Br(3`) : Br(`±`±) : Br(4`) ∼ 12 : 9 : 2, (12)
where ` = e, µ and we have used Br(W → `ν) ∼ 2/9 and Br(W → jj) ∼ 6/9. Moreover,
for SSDL, the non-prompt leptons from tt¯ provides a robust BG [39, 40, 54]; for 4`, the
existence of two neutrinos and ambiguity of combining the four leptons render the mass
reconstruction of RHN impossible. Therefore, we will study the trilepton signature in this
work. 7
1. Backgrounds and pre-selection
For this trilepton plus jets signature, the NLO production cross sections of its main BGs
at the 14 (100) TeV proton-proton collision are listed in the the second column of Table I.
The di-boson BGs are generated with up to two additional jets at parton level since we
require at least two jets in the final state. To avoid double counting between the matrix
element calculation and the parton showering, we turn to the MLM matching method, taking
an appropriate xqcut for each di-boson BG. Those BGs involving a leptonic Z`, especially
W`Z`, constitute the dominant BGs, because the requirement on lepton number is easy to
fulfill there. For the V`Z`-BG, the jets are mainly from the initial state radiation (ISR).
We apply the following pre-selection cuts: A) at least three leptons; B) at least two (one)
jets at 14 (100) TeV; C) no b-tagged jets, which is useful to suppress the large BGs that
contain top quarks. Note that in order to keep the signal events with two collinear jets
from the highly boosted W decay, we only require one jet at 100 TeV; such a treatment is
particularly important with respect to S5. After the preselection, the main BGs are W`Z`,
6 This signature was studied before the LHC era, merely restricted to a few benchmark points [39, 52, 53].
Our work is not only a timely revising at the LHC era but also a big update towards the future.
7 Recently, Ref. [42] estimated the search sensitivities for the 2` +jets, 3` +jets and 4` signatures, respec-
tively, considering no detector effects. They found that the 3` +jets signature is the worst. However, it
may be not true after considering the finite detector resolution; for example, ZZ+jets and the irreducible
BGs like ttV will become quite significant BGs for 4`.
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Z`Z` and tt¯Z; see the second column of Table I. It is seen that from 14 TeV to 100 TeV,
all the cross sections of BGs (after pre-selections), in particular the dominant BG V`Z`,
increase by (more than) an order of magnitude. One of the main causes is that one less jet
is required.
σ0(pb) σpre(fb)
tt¯W 0.67[16.6] 0.52[3.3]
tt¯Z 0.93[55] 2.2[39.6]
W`W`W` 1.3× 10−3[8.7× 10−3] 0.05[1.7]
W`Z` 0.36[2.44] 8.2[359.8]
Z`Z` 0.029[0.17] 2.1[61.8]
HW 1.57[14.8] 0.09[2.5]
tt¯H 0.56[31.6] 0.27[4.3]
S1 1 59.2[45.2]
S2 1 132[106.5]
S3 1 44.6[35.0]
S4 1 140[178.1]
S5 1 NO[212.9]
TABLE I: Di-W channel: Cross sections for signals and backgrounds before (second column) and
after preselection (third column). All the signal production cross sections have been normalized
to 1 pb. As a convention used throughout this paper, the quantities outside and inside the square
brackets are for the 14 TeV and 100 TeV cases, respectively. “NO” means that there are no
corresponding quantities at 14 TeV.
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FIG. 2: The distributions of the RHN energy EN , at 14 and 100 TeV for S1-S4.
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The cut efficiencies for 4/5 benchmark points are also given in Table I, where we have
assumed a common nominal production cross section of 1 pb for all benchmark points in
pp collisions at 14 and 100 TeV. As we have expected, the cut efficiencies are relatively low
for S1 and S3: for S1, some of the final states are too soft to be reconstructed; as for S3,
the primary lepton from RHN decay suffers from the isolation problem. The preselection
reduces the number of signal events by around one order of magnitude for S2 and S4. The
signal preselection efficiencies tend to decrease from 14 to 100 TeV, since the more energetic
RHN (one can see it from Fig. 2), renders the final leptons difficult to be isolated. One can
also see this from the cut flow in Table II: at 100 TeV the n` cut becomes more stringent
for all benchmark points due to the severer lepton isolation issue.
14[100] TeV(/50000) s1 s2 s3 s4
n` > 2[2] 4356[2734] 9829[5989] 2645[2000] 13267[9723]
nj > 1[0] 2216[2382] 6543[5706] 2001[1837] 7811[9423]
nb = 0[0] 2123[2307] 6065[5366] 1899[1749] 7286[8697]
TABLE II: Preselection cut flow for benchmark points with 50000 total number of events.
2. Multivariable analysis
After selecting the events with required objects (at least 3 lepton and 2 jets at the 14
TeV LHC), we are able to reconstruct kinematic variables which are used to discriminate
between signal and BGs. In order to obtain the best discrimination power through quite
a few correlated variables, we will employ MVA. In this channel, the variables adopted in
MVA are
N`, Nj, mj1,j2 , pT (`1), pT (j1),
pT (``), pT (`jj), η(``), η(`jj), φ(``), φ(`jj), mT (``), mT (`jj),
m``, m`jj, mall, mT2(``, `jj), (13)
where N`/j is the number of leptons/jets with jets reconstructed using the anti-kt al-
gorithm [55] with R = 0.4. m`` is the invariant mass for the dilepton system and
mT (``) = 2ET (`1)ET (`2)(1 − cosφ(`1, `2)) is the transverse mass of it; here mT2 is defined
as [56, 57]
mT2(``, `jj) = min
/p1T+/p
2
T
= 6ET
[ max(mT (``, /p
1
T
),mT (`jj, /p
2
T
)) ], (14)
11
which shows a kinematic edge at MN and thus is quite helpful for a heavy RHN; finally,
m`jj is the reconstructed RHN mass using the hadronically decaying W .
In this trilepton signature, two of the three leptons along with 6ET are from one RHN
decay while the third lepton along with two leading jets are from the other RHN decay.
Reconstructing these two sub-systems, the di-lepton and di-jet subsystem, not only helps
much to overcome BGs but also enables us to estimate the RHN mass. However, the way
of combining among the three leptons is not unambiguous and we propose three methods in
the following:
• The closest two leptons on the η − φ plane are identified as the di-lepton subsystem;
the third lepton is combined with two jets to form the di-jet subsystem.
• The lepton closest to the di-jet subsystem on the η − φ plane is combined with two
jets; the rest two leptons form the di-lepton subsystem.
• Figure out the combination that gives the longest angle distance between two subsys-
tem, Max{∑ijk ∆R(`i`j, `kjj)} with i, j and k different than each other.
In the practical operation, we shall try all the methods and the one that gives the largest
signal significance after MVA analysis will be selected out. It is found that the third method
stands out in most cases.
We insert a discussion on the situation at 100 TeV. The pre-selection cuts are the same
as the 14 TeV case except that we require only one jet instead of two, on account of the
super boosted hadronic W actually behaving as a single jet. This time the variables that
we used for MVA are chosen as the following
n`, nj, mj1,j2 , pT (`1), pT (j1), pT (``), pT (`jj), m``, m`jj,
m```jj, mT2(``, `jj),
pT (`2), pT (`3), pT (j2), mj1 , pT (``), pT (`j), m``, m`j, m```j, mT2(``, `j). (15)
The variables in the last line are specific to the 100 TeV collider, and they are constructed
in the presence of only one jet; 8 other variables are similar to the 14 TeV case.
Now we feed back all variables listed in Eq. (13) or Eq. (15) to TMVA. The BDT method
is used to train these discriminators. To have a better understanding of the role that each
kinematic variable plays in BDT, we list the five most important variables for each signal
region; see Table III. We have quite a few remarks in orders:
8 Note here that the method used to identify the di-lepton and di-jet subsystems requires a slight modifi-
cation on the previous one, considering actually only one jet is present.
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S1 S2 S3 S4 S5
m```jj [m``] pT (`1)[pT (`1)] pT (`jj)[m```j ] m```jj [pT (`j)] NO[m```j ]
m``[pT (j1)] m```jj [m```j ] m```jj [m``] pT (`1)[pT (`1)] NO[pT (`1)]
pT (`1)[m```j ] m``[m``] m``[pT (`j)] pT (`jj)[pT (``)] NO[pT (`j)]
pT (j1)[nj ] pT (`jj)[pT (`2)] pT (`1)[pT (j1)] m``[m```j ] NO[pT (``)]
mjj [mT2(``, `j)] pT (``)[pT (`3)] pT (j1)(pT (`1)) mT (`jj)(pT (`jj)) NO[mT2(``, `j)]
TABLE III: Di-W channel: top-5 variables in BDT anslysis.
• The invariant masses of the total visible objects mall and the di-lepton subsystem
m``, which respectively reflect the mass scale of MZ′ and MN , always are powerful
discriminators.
• Although m`jj gives a more exact mass of RHN, m`j usually takes the higher rank.
The reason is twofold. Firstly, compared to leptons, the worse energy resolution for
(especially less energetic) jets leads to a relatively widespread distribution for m`jj.
Secondly, in reconstructing the `jj subsystem, the jets, which are supposed to be from
W decay, may be hard ISR jets, thus giving a wrong `jj subsystem.
• The transverse momenta of the leading jet/lepton or the subsystems also play im-
portant roles. This is well expected, because they show main features of the heavy
spectrum.
• The variable m```j is specified to 100 TeV and designed to capture the highly-boosted
W from S5, but it is also a better discriminator than m```jj in other signal regions. This
is because in constructing m```jj, even though the leading jet tends to originate from
the W decay, the second leading jet is usually from ISR. Consequently, the variable
using one less jet turns out to be better. Similarly, mT2(``, `j) is a better discriminator
than mT2(``, `jj).
After training the discriminators with BDT method, we apply cuts on the BDT response
for the signal and BGs, and the results are shown in Table IV. In this table, the signal cut
efficiencies s (SIG) and the BG cross sections after the BDT cuts, σ(BG), are also listed.
In the last column, we give the signal reaches at the 3000 fb−1, whcih is defined as :
signal reach = 3.0×
√
B + (0.05B)2/(Ls), (16)
where L is the luminosity (3000−1 fb is used throughout the work) and B = L × σ(BG)
is the total number of background events. In other words, it is the cross section required
for discovery at 3σ level. At the 14 TeV LHC, the signal reach limits are ranked as S4 <
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S2 < S3 < S1, which corresponds well with our expectation. The main explanations are
already addressed before, in particular in Section III A 1 where we understand the results
after preselection.
Cut s(SIG) σ(BG)(fb) signal reach(fb)@ 3000 fb
−1
S1 BDT>0.2[0.2] 0.0195[0.013] 0.27[9.9] 2.5[115]
S2 BDT> 0.5[0.4] 0.069[0.06] 7.9× 10−3[0.52] 0.073[1.5]
S3 BDT>0.4[0.3] 0.016[0.016] 5.0× 10−3[0.96] 0.25[9.6]
S4 BDT>0.6[0.5] 0.125[0.15] 8.8× 10−4[0.062] 0.013[0.11]
S5 BDT>NO[0.5] NO[0.21] NO[0.042] NO[0.061]
TABLE IV: Di-W channel: cuts efficiencies and signal reaches.
We can also see from the table that as the colliding energy jumps from 14 TeV to 100 TeV,
the signal reaches are increased for all benchmark points (namely worse search sensitivities).
The reasons, as pointed out earlier, are due to the much larger BG cross sections and more
serious collimation problem of the decay products of RHN. Additionally, we can see that the
relative orders of signal reaches do not change, except that now S5 has the best (moderately
better than S4) search sensitivity – its highly boosted final states can be easily distinguished
from the background events. 9
3. Digress on the PDF effects
As stated before, some features of our results can be traced back to the PDF effect,
so we briefly introduce it here. The master formula for the RHN pair production at the
proton-proton collider is
σ =
∑
i,j
∫ 1
0
dx1dx2fi(x1, µ)fj(x2, µ)σˆij→NN , (17)
where σˆij is the parton level scattering cross section and the parton distribution function
fi(x, µ) gives the probability of the parton i that have energy fraction x inside proton at
energy scale µ. For µ ∼ O(1) TeV, the valence quark PDF start to drop dramatically when
x & 0.2.
The PDF effect becomes important for a quite heavy resonance beyond the typical CM
energy of hadron collider and then partons with small x tend to dominate over the production
9 Of course, in a concrete model, points like S5 will be quite difficult to probe since they usually have very
small production rates.
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of RHN via the off-shell rather than the on-shell resonance. To have a closer look at this,
we show the distributions of PDF scales (namely the total energy of the RHN pair) for
the production of a light RHN pair (150 GeV) with different Z ′ masses at 14 TeV and 100
TeV in the upper left and upper right panels of Fig. 3, respectively. Since our process is
dominated by the valence quark scattering at 14 TeV, the PDF effect starts to show up
from ∼ 0.2× 14 = 2.8 TeV. The distribution for MZ′ = 2980 GeV (red) only shows a small
bump at ∼ 1TeV. However, the distribution for MZ′ ∼ 8 TeV (pink) has a significant jump
at the low energy (& 2MN), because here the off-shell contribution to RHN pair production
is comparable with the on-shell contribution. MZ′ = 22 TeV is a limiting case with Z
′
inaccessible at the collider thus the effective operator 1
Λ2
(qΓ¯q)(N¯ΓN) being good enough to
describe the model; RHN production is indeed dominated by partons with low x (see the
blue curve). Moving to 100 TeV, the PDF effect becomes very small through out the full
region of our interest; see the top right panel. As a comparison, in the lower left panel of
Fig. 3 we show the case with a heavy RHN, e.g., close to MZ′/2, we can see that the peaks
of pT (RHN) distributions always follow the resonance.
4. Results and analysis
With the 4(5) signal regions that are optimized on 4(5) benchmark points for 14(100)
TeV collision energy, we attempt to apply them to other girds on the MZ′−MN plane to get
a global outlook of the di-W channel. The results are presented in Fig. 4. The left panels
give the most sensitive signal region on each grid; the numbers on the yellow diamonds
correspond to the sequence number of the signal regions. We can see that the optimized
searches on the benchmark points indeed provide the best sensitivity on their vicinities with
similar kinematic properties. An exception occurs at the region with MZ′ & 5 TeV and
MN . 400 GeV, where the PDF effect becomes important as we have discussed before.
Concretely, here the low energy RHN pair production via the off-shell Z ′ dominates and
thus the kinetic feature is more like S3 rather than S4. In the contrast, we do not see similar
phenomena for the 100 TeV case since there the PDF effect is negligible.
On the right panels, we demonstrate the signal reaches (assuming 3000 fb−1 luminosity)
at 3σ level using color codes. One may have some observations on the changes of search
sensitivity when traveling on the MZ′ −MN plane. In the heavier RHN region (says with
MN ∼ 0.5MZ′) where the PDF effect is not significant, the search sensitivities at both
colliders improve as MN increases, since it results in harder final states. Similarly, in the
lighter RHN region, says near 150 GeV, the sensitivities improve as increasing MZ′ from
300 GeV to 1 TeV. But increasing the MZ′ further, the sensitivities behave differently at
two colliders. At the 100 TeV collider, increasing MZ′ causes more and more serious lepton
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FIG. 3: Top panels show the PDF scale distributions for different Z ′ mass, at 14 TeV and 100
TeV. Lower left: RHN transverse momentum distribution with given MZ′ ∼ 2MN . Lower right:
Lepton number distribution for different RHN boosts.
overlapping issue, which worsens the sensitivity substantially. To support that, in the lower
right panel of Fig. 3 we show the distributions of the lepton number for different MZ′ , and
we can see that the distributions do not change much for MZ′ ∈ [400, 1000]GeV, however,
there is a significant drop as MZ′ goes to 3 TeV; it become even worse for heavier Z
′. The
situation is different at 14 TeV, because for MN ∼ 150 GeV, as mentioned before, due to
the PDF effect, a substantial fraction of RHNs are produced via low x for MZ′ & 3 TeV. So,
the overlapping issue is relaxed and the search sensitivity is ameliorated for increasing MZ′ .
Now we interpret our results in the concrete model, the BLSM. We show the 3σ exclusion
limits for given parameter setups, g′ = 0.1/0.25/0.5. As we can see, the HL-LHC will be able
to probe RHN mass up to about 2 TeV when g′ & 0.2; the light RHN and heavy Z ′ corner,
despite of a large signal rate, is still beyond exclusion owing to the lepton overlapping
problem. As for the 100 TeV collider, it shows a remarkable enhancement in the RHN
probing ability and even the heavy RHN region of MN ∼ 5 TeV can be covered.
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Most sensitive signal region (di-W@14 TeV)
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Most sensitive signal region (di-W@100 TeV)
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FIG. 4: Left: the number on each grid shows the most sensitive signal region. Right: the color
coding bar indicates the minimal cross section of di-W channel (in fb) required for 3σ signal
significance. The curves give the discovery reaches of Z ′ mediated RHN pair production with
different g′.
B. The di-Higgs channel: boosted di-Higgs boson plus 6ET
In general, such a pure hadronic channel is not hopeful at the hadronic colliders, but the
boosted Higgs bosons could provide a powerful tool for discrimination, particularly at the
100 TeV collider for the multi-TeV scale RHN. We will see that largely speaking this channel
is the worst one among the three channels, except for a narrow region like MN . 500 GeV
and MZ′ & 4 TeV, where the issue of lepton overlapping in the decay N → W` is too severe.
However, the di-Higgs channel still deserves a careful exploration from several aspects. First,
the search strategy is absolutely different and the corresponding signature, boosted di-Higgs
boson plus 6ET , may be a generic sign of new physics [33, 58, 59]. Second, it is a preparation
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for the hW channel, which may turn out to be the best in some parameter space. Last but
not least, this channel is lepton flavor independent and thus is complementary to other
channels.
1. Backgrounds and preselection with Higgs tagging
The BGs mainly consist of the QCD multi-b-jets with 6ET due to the limited jet energy
resolution, the semi-leptonic tt¯ with leptons missed at the detector and Zbb¯ with the sub-
sequent decay Z → νν; in the later two BGs, the other two bottom quarks come from the
mis-identification of light quarks or gluons as b-jet. One can find the cross sections of BGs
in Table V. More detailed discussions about the BGs can be found in Ref. [33], which shows
that the irreducible QCD 4b-jets furnishes the dominant BG after applying all possible cuts.
S2 S3 S4 S5 tt¯ bb¯bb¯ Zb¯b¯
σ0/pb 1 1 1 NO[1] 803.4[29150] 861[13530] 109[1280]
σpre/pb 0.76[0.9] 0.84[0.97] 0.86[0.95] NO[0.96] 486.7[20120] 398.9[6943] 58.5[654.2]
TABLE V: Di-h channel: Cross sections for signals and backgrounds before and after preselection.
All the signal production cross sections have been normalized to 1 pb.
Both at the 14 and 100 TeV colliders we impose four preselection cuts: 1) No lepton; 2)
No τ ; 3) 6ET >10 GeV; 4) At least two Higgs jet candidates. The loose 6ET cut is imposed to
suppress the QCD background at the preselection level. In S1-S4 and S5, the Higgs bosons
are normally and over boosted, respectively, which results in difference in the meanings thus
tagging methods of a “Higgs jet”. We address these differences in the following:
Normally boosted In this case the Higgs jet candidates is required to have substructure.
The Delphes EFlow objects, in which the isolated leptons have been subtracted, are
used for jet reconstruction. In the first, the fat-jets are reconstructed by the Cam-
bridge/Aachen (C/A) algorithm [60] with R = 1.4. Then, the BDRS algorithm [44] is
applied on these fat-jets to resolve their substructures. Concretely speaking, a Higgs
jet candidate should have a large mass drop and not too asymmetric splitting during
the declustering:
µ =
mj1
mj
< 0.67, y =
min(p2T,j1 , p
2
T,j2
)
m2j
∆R2j1,j2 > 0.09. (18)
Afterwards, the filtering method, i.e., the anti-kt jet algorithm with Rfilt =
min(0.3, Rbb¯/2), is used to reconstruct the subjets inside each Higgs jet candidate
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and only the three hardest subjets are kept. Originally this step aims at suppressing
the underlying events. Here, it has another function: a cone size R = 1.4 may be
already overlarge for some grids and thus the non-Higgs jets may contaminate the
Higgs jet, and filtering helps to exclude them. At last, the rest of the EFlow objects,
i.e., those neither are isolated leptons nor belong to any Higgs jet candidates, are used
for narrow (non-Higgs) jet reconstruction via the anti-kt algorithm with R = 0.4; such
jets are denoted as ji. At the stage of preselection, we do not require b-tagging and
mass conditions on Higgs jet.
Over boosted From the BDRS method used above, we can see that the jet substructure
analysis is valid only if the angular separation between the two b-jets inside the Higgs
jet is larger than ∼0.3, corresponding to pT (h) . 2mh/0.3 ∼ 830 GeV. Whereas
pT (h) & 2 TeV for S5 10 and thus there one cannot use the jet substructure analysis.
Instead, the Higgs jet should be tagged as a whole by means of the anti-kt algorithm.
In this algorithm, we scan over different values of R ∈ [0.2, 0.6] with step size 0.1.
For each R value, we count the number of the events of which the two leading jets
invariant masses lie within [110,140]GeV and find that R = 0.4 can retain the largest
number of events. Actually, R takes 0.4 both in the Higgs-tagging and normal jet
reconstruction, so this value will be used for reconstructing all jets in S5; such jets are
denoted as jak. After the preselection, we will impose the b−tagging condition on jak.
For clearness, hereafter we will denote the Higgs jet candidates in the normally (over) boosted
cases as hca (hak). Note that at 100 TeV S5 is unlikely to have two hca, so in the preselection
we only require at least two hak for all benchmark points; for S2-S4, the cut of at least two
hca will be imposed after the preselection.
The cross sections of signal and BGs before and after preselection are given in Table V.
For the 14 TeV case, the preselection reduces the number of BG events merely by a factor
about 2. As for signals, the selection efficiencies increase from S2 to S4, 11 understood by
nothing but the more and more boosted Higgs bosons thus the higher and higher BDRS
Higgs-tagging efficiency. For the 100 TeV case, the signal event numbers, in particular for
S3-S5, almost are not reduced after preselection, as is due to the loose preselection, namely
requiring two hak rather than two hca.
10 In fact, the resulting angle separation is already near the LHC resolution limit Rmin ∼ 0.2 [45, 46].
11 We do not make analysis on S1 because it gives non-boosted Higgs bosons with pT (h) < 200 GeV (hence
BDRS fails) and thus the search sensitivity is very low.
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2. Multivariable analysis
In this channel, in addition to two Higgs jets plus 6ET , we also include ISR jets in the
final states; later we will explain the importance of this. Then, the complete variables list
in the MVA are
nj, pT (j1), 6ET , nh, mT2(hca1 , hca2 ),
pT (h
ca
1,2), φ(h
ca
1,2), m(h
ca
1,2), η(h
ca
1,2); (19)
nj, pT (j1), 6ET , nh, mT2(hca1 , hca2 ), pT (hca1,2), m(hca1,2),
pT (j
ak
1 ), ∆φ(h
ak
1 , ~p
miss), pT (h
ak
1,2), m(h
ak
1,2), (20)
where pT (j1) is the transverse momentum of the leading non-Higgs jet. The elements in
Eq. (19) and Eq. (20) are for the 14 and 100 TeV cases, respectively. At the 14 TeV LHC, the
full 4-momentum information of the Higgs jets would be very helpful and the corresponding
variables are incorporated in the second line of Eq. (19). Although relatively less powerful,
we still include mT2(h
ca
1 , h
ca
2 ) = min/p1T+/p
2
T
= 6ET [max(mT (hca, /p1T ),mT (hca, /p2T )) ] in the MVA.
At the 100 TeV collider, to improve the analysis for S5 we add quite a few additional variables
in the second line of Eq. (20), with all jets labelled with superscript “ak” to indicate the
different preselection than the counterparts for S1-S4; see the discussions before.
S2 S3 S4 S5
6ET [∆φ(jak1 , ~pmiss)] η(jca1,2)[∆φ(jak1 , ~pmiss)] η(hca1,2)[∆φ(jak1 , ~pmiss)] NO[∆φ(hak1 , ~pmiss)]
φ(hca1,2)[6ET ] φ(hca1,2)[m(hca1 )] φ(hca1,2)[6ET ] NO[m(hak1 )]
m(hca1 )[m(h
ca
1 )] pT (h
ca
1 )[pT (h
ak
1 )] 6ET [m(hca1 )] NO[nj ]
η(hca1,2)[m(h
ca
2 )] pT (j1)[nj ] m(h
ca
1 )[nj ] NO[pT (j1)]
m(hca2 )[nj ] m(h
ca
2 )[6ET ] nj [m(hca2 )] NO[m(hak2 )]
TABLE VI: Di-h channel: top-5 variables in BDT analysis.
Table VI gives the five most important variables in the BDT analysis. ∆φ(jak1 , ~p
miss),
the azimuthal angle difference between the leading jet and 6ET , plays a remarkable role for
the 100 TeV case. This has a clear explanation. The 6ET of BGs comes from jet energy
mis-measurement and thus is supposed to closely follow the direction of the leading jet.
As a result ∆φ(jak1 , ~p
miss) of the signal process is much larger than that of BGs. Actually,
for the 14 TeV case, the similar information has been encoded in φ/η(hca1,2), making it
remarkable there. The 6ET , masses of Higgs jets and the number of non-Higgs jets are
also very important. Compared to BGs, for signals the 6ET and masses of the Higgs jets
candidate are much larger, while the non-Higgs jets are much fewer. The final results after
training the BDT are shown in Table VII.
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Cut (SIG) σ(BG)(fb) signal reach(fb)@ 3000 fb−1
S2 BDT> 0.2[0.2] 0.015[0.0078] 0.012[0.067] 0.42[2.2]
S3 BDT>0.2[0.2] 0.01[0.0045] 0.39[2.01] 6.8[69.2]
S4 BDT>0.2[0.2] 0.048[0.029] 0.034[0.067] 0.24[0.6]
S5 BDT> NO[0.3] NO[0.028] NO[2.73] NO[15.0]
TABLE VII: Di-h channel: cuts efficiencies and signal reaches.
S2 and S4, which give normally boosted Higgs boson pair, are the most sensitive signal
regions, with S4 mildly better due to the harder final states from the heavier MZ′ decay.
The signal reach of S3 is much weaker than those of S2 and S4, even though all of them
give similarly energetic Higgs bosons. The reason is mainly due to the smaller 6ET of S3. In
the decay N → hνL most of the energy of RHN is carried away by the Higgs boson, because
RHN and h have similar masses while νL is much lighter. In addition to that, both νL and h
are boosted along the RHN flying direction in the lab frame, which gives rise to a cancelation
between the two νL momentums; moreover, it renders a small ∆φ(j
ak
1 , ~p
miss), thus further
weakening the signal reach of S3. At 100 TeV, the search sensitivity of S5 is also much (∼
one order of magnitude) weaker than those of S2 and S4, because the number of background
events increases dramatically in the absence of the requirement of jet-substructure.
3. Results and analysis
Again, we apply our analyses that are optimized on the benchmark points to other grids
on the MZ′-MN plane. The search results are displayed in Fig. 5. From it we make a long
list of observations.
• At 14 TeV, S2 and S3 indeed give the best signal reaches in their vicinities. But in
the heavy Z ′ and RHN region, namely around S4 all signal regions almost give similar
sensitivities (might as a result of PDF effect); see the top right panel. Consequently,
the fluctuation leads to a random distribution of the most sensitive signal region.
• In practice S4 gives the most sensitive search for the benchmark point 5. This tells
us that for this benchmark point, tagging the two hca in the final state is crucial to
improve the signal significance. S5 is more suitable for the even heavier mass region,
e.g., MN & 7 TeV, where the number of signal events that contain two hca is too small.
• In the right panels of Fig. 5, one can see that decreasing MN with fixed MZ′ leads
to worse search sensitivity. This is because the smaller mass splitting between RHN
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Most sensitive signal region (di-h@14 TeV)
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Most sensitive signal region (di-h@100 TeV)
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FIG. 5: Same as Fig 4 but for di-h channel.
and Higgs renders the softer and more collinear νL-pair, i.e., the smaller 6ET and
∆φ(jak1 , ~p
miss), as we have explained before.
• At 100 TeV, fixing MN while increasing MZ′ , the search sensitive goes through an
improvement then deterioration. This is mainly due to the over boosted effect on the
Higgs boson. To show this, in Fig. 6 we show the invariant mass distribution of the
leading BDRS Higgs jet for different RHN mass at 100 TeV. We can see that, after
imposing the Higgs mass condition on the BDRS jet, says ∈ [100, 150] GeV, the model
with MN = 1500 GeV has the highest Higgs-tagging efficiency; an even heavier RHN
would begin to over boost the Higgs boson. This explains why the signal reach is best
for MZ′ ∼ 3 TeV. On the contrary, at 14 TeV the reduction of the search sensitivity
while increasing MZ′ is much milder than that at 100 TeV, ascribed to the PDF effect.
• In the heavy Z ′ and light RHN region, the di-h and di-W channels are suffering the
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problems of small 6ET and overlapping leptons, respectively. Comparing the right
panels of Fig. ?? and Fig. 5, it is seen that the latter problem starts from a smaller
MZ′ . This means that in the region MZ′ & 2TeV and MN . 0.5TeV, the di-h channel
could provide a better sensitivity than that of the di-W channel.
Note that our analysis of the di-Higgs channel here is not as promising as the one employed
in Ref. [33] especially in the region of MN . 500 GeV. Because there the substructure
analysis is more refined, i.e. the cone size parameter in jet reconstruction is optimized
at different MN to gain the maximal sensitivity. Here we are exploring a much wider
two-dimensional plane with varying MZ′ but at the price of optimization; new interesting
phenomena at collider such as the over boosted Higgs boson arise here.
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FIG. 6: The distributions of the leading Higgs tagged jet invariant mass for different MN .
C. The hW -channel at the 14 & 100 TeV colliders
In this subsection, we consider the channel with one RHN decaying as `W (→ νL`) and the
other decaying as νLh(→ bb¯). The leptonic W helps to suppress the huge tt¯ and Wbb¯ BGs;
the bb¯ mode of Higgs decay enables us to adopt the BDRS jet-substructure analysis. This
mixed channel take advantages of a smaller background for W` channel and less sensitive
to RHN boost for hh channel. So it will provide the best signal reach in some parameter
space.
1. BGs and preselection
The fully leptonic tt¯ (t`t¯`) and Z/γ[→ `¯`]bb¯ constitute the main BGs for this channel. In
the monte carlo generation of the tt¯ events, we let top quarks decay at the matrix element
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level. For the Z/γ[→ `¯`]bb¯ background event generation, we impose the cut pT (`) > 20
GeV to suppress the huge contribution from the γ mediated processes. At 14 TeV, the
production cross section of Z/γ[→ `¯`]bb¯ is around one order of magnitude smaller than that
of t`t¯`; moreover, increasing the collision energy from 14 TeV to 100 TeV the latter BG
shows a much larger magnitude of the increase of cross section. As for the tt¯V BGs, their
contributions are∼ O(1%). Nevertheless, they might still be important for the later analysis,
because they have large 6ET and complicated final states, which hamper the distinguishability
from signals.
At both the 14 and 100 TeV colliders the preselection requires A) at least two isolated
leptons and B) at least one Higgs jet candidate. The requirement of Higgs jet candidate is
the same as in the di-Higgs channel, i.e., jak for S5 at 100 TeV. The preselection efficiency
for signal and BGs are shown in Table VIII. Like in the di-h channel, we will not take S1 into
consideration here. As we can learn from results of the di-W channel and di-h channel, the
preselection efficiencies of the signal processes are mainly controlled by the number of lepton
cut, while the Higgs jet number cut is much looser. So the efficiencies ranked similarly as
in the di-W channel, i.e., S3 < S2 < S4(< S5).
S2 S3 S4 S5 tl t¯l tt¯Z tt¯W Z/γ[→ `¯`]bb¯
σ0/pb 1 1 1 1 36.4[1322.5] 0.93[55] 0.67[16.6] 4.4[71.1]
σpre/pb 0.12[0.085] 0.10[0.067] 0.15[0.14] NO[0.16] 10.8[284.6] 0.038[1.7] 0.026[0.39] 1.46[28.8]
TABLE VIII: hW channel: Cross sections for signals and backgrounds before and after preselec-
tion. All the signal production cross sections have been normalized to 1 pb.
2. Multivariable analysis and results
In the hW channel, we use the following variables in MVA:
nj, pT (`1), pT (j1), E
miss
T , ∆r(`1, `2), m(`1, `2),
∆φ(`1, ~p
miss), ∆φ(j1, ~p
miss), ∆φ(`1, j1), m(j1, j2),
m(h), pT (h), ∆φ(h, ~p
miss), ∆r(`1, h), mT2(h, ``); (21)
pT (h
ak
2 ), m(h
ak
1 ), mT2(``, h
ak
1 ), ∆φ(h
ak
1 , ~p
miss). (22)
Again, elements in the last line are only for the 100 TeV case. We use a large number of
angular variables, because there are strong angular correlations between the final states of
the signal processes, especially in the heavy Z ′ and light RHN region. In the signal process,
the dilepton invariant mass m(`1, `2) shows a kinematic edge at (M
2
N −m2W )1/2, which can
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be used to suppress the BGs where the lepton pair is from Z decay. Here the mT2(h, ``)
variable is constructed using the Higgs boson and the di-lepton from the RHNs decay. In
order to tag the over boosted Higgs boson in S5, we adopt a similar method used in the di-h
channel; the Higgs jets are denoted as hak as before.
The top five variables in the BDT analyses are listed in Table IX. For S2, RHN is relatively
heavy thus giving a large 6ET , which plays a very important role. For S2 at 100 TeV,
there is a substantial fraction of the events having large energy, and hence the two leptons,
Higgs boson and 6ET tend to collimate with each other. Then, the angular variables become
important. For S3, the RHN is fairly light, so νL can only carry away a small fraction of the
energy of N ; see the arguments in the di-h channel. S4 shares partial features both with S2
and S3, and both 6ET and angular variables come to contribute. As for S5, m`` is the most
remarkable variable, followed by the invariant mass of hak.
S2 S3 S4 S5
EmissT [∆φ(`, j)] [∆r(`, `)][∆r(`, `)] [∆r(`, `)][∆r(`, `)] NO[m``]
pT (`1)[[∆r(`, h
ca)]] ∆φ(`, `)[∆φ(`, ~pmiss)] mT2(h, ``)[mT2(``, h
caj)] NO[m(hak)
∆φ(`, j)[6ET ] ∆φ(`, ~pmiss)[[∆r(`, hak1 )]] EmissT [6ET ] NO[∆φ(`, ~pmiss)]
∆φ(`, ~pmiss)[∆r(`, `)] ∆r(`, h)[∆φ(hca, ~pmiss)] ∆r(`, h)[∆φ(`, ~pmiss)] NO[∆r(`, hak1 )]
∆r(`, h)[∆φ(`, ~pmiss)] m``[∆φ(j1, ~p
miss)] ∆φ(`, `)[m``] NO[∆φ(`, j)]
TABLE IX: hW -channel: top 5 variables in BDT anslysis.
After imposing cuts on the BDT response for signal and BGs in each signal region, the
cut efficiency for the signal and cross sections of remaining BGs are given in Table X. As the
other two channels, the search sensitivities in the signal regions rank as S3 < S2 < S4. Like
the di-h channel, the search sensitivity in S5, in spite of its hard final states, is even worse
than that in S2. This fact again supports that the BGs would grow rapidly without the
BDRS Higgs tagging. Typically, for each signal region the corresponding search sensitivity
of the hW channel lies between those of the di-h and di-W channels. However, as we will
see later, it may be the best one in some specific mass regions.
Cut [SIG] σ[BG][fb] signal reach[fb]@ 3000 fb−1
SR2 BDT> 0.2[0.2] 0.02[0.0075] 0.001 [0.015] 0.087[0.94]
SR3 BDT>0.2[0.15] 0.013[0.0063] 0.0076[0.49] 0.38[13.2]
SR4 BDT>0.2[0.2] 0.038[0.029] 2.5× 10−4[0.082] 0.023[0.18]
SR5 BDT>NO[0.3] NO[0.055] NO[0.47] NO[1.4]
TABLE X: hW channel: cuts efficiencies and signal reaches.
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On the gridded MZ′−MN plane, the distributions of the best signal region and the signal
reach are displayed in Fig. 7. We can understand the overall results of this channel based on
the inherited features from the di-h and di-W channels, so we do not repeat the descriptions
of the features exhibited in the figures and the corresponding explanations. Here we just
want to stress that the hW channel could provide the strongest search sensitive in the light
RHN but relatively heavy Z ′ region, where it on the one hand is not subjected to lepton
overlapping as in the di-W channel and on the other hand has a small BG in comparison to
the di-h channel.
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FIG. 7: Same as Fig 4 but for hW channel.
D. Searching for RHN pair in BLSM with combined channels
Having employed analysis for the individual channel, in this subsection we would like
to apply all of them to the benchmark model, BLSM (whose details can be found in Ap-
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pendix. A), to investigate the best prospect of RHN pair search in this model. The combined
3σ level signal reach can be estimated by√√√√( σtot Br(di-h) · s(di-h)L√
B(di-h) + (0.05B(di-h))2
)2
+ (di-h→ di-W ) + (di-h→ hW ) = 3, (23)
where σtot is the RHN pair production cross section; Br(di-h) is the branching ratio of the
RHN pair decay into di-h; s(di-h) and B(di-h) respectively are the signal efficiency and
number of background events obtained before. By using the 3σ signal reach of each channel
σR = 3
√
B + (0.05B)2/(sL), the Eq. (23) can be simplified to
σR(NN) = 1/
√(
Br(di-h)
σR(di-h)
)2
+
(
Br(di-W )
σR(di-W )
)2
+
(
Br(hW )
σR(hW )
)2
. (24)
(σR(di-h), σR(di-W ), σR(hW )) are already shown in the right panels of Fig.(4, 5, 7), re-
spectively, and moreover the branching ratios almost stay constant for a sufficiently heavy
RHN. With these, we then obtain the combined signal reaches in Fig. 8.
First we consider the Z ′-mediated RHN pair production. In the figures we demonstrate
the search reaches for several different values of g′. For a heavy Z ′, the LHC searches for
high-mass di-lepton resonances at 8 TeV [36, 37] yield the strongest bound on Z ′ [43], e.g.,
they give MZ′ & 3450 GeV for g′ = 0.5; such a constraint is indicated by the vertical line
at the lower MZ′ end in each contour of the search reach. From the left panel of Fig. 8 we
find that there is still a considerably wide region (with heavy Z ′ of multi-TeV) which can be
explored at the 14 TeV HL-LHC; RHN can be probed up to 2 TeV. At 100 TeV (the right
panel), the search region can be substantially widened: fixing g′ = 0.5, RHN with mass 6
TeV is reachable for MZ′ within 10-20 TeV.
Even though our simulations and analyses are based on the process of Z ′ mediated RHN
pair production, the results should be also applicable to other RHN pair production pro-
cesses with similar kinematic properties, e.g., gg → H → NN . The loop-induced mode of
MG5 aMC@NLO [61] is used to calculate the production cross section of this process, which
is then mapped onto the MX −MN plane in Fig. 8. When the mixing between the SM-like
Higgs and the heavy Higgs is sizeable (sin θ & 0.2), the HL-LHC is capable of reaching the
parameter space of Mφ . 1.5 TeV and MN . 500 GeV. Obviously, the mass reaches of this
case are significantly lower than those of the Z ′ mediated case, because for the gluon initi-
ated RHN production, its cross section dramatically drops in the high energy region owing
to the PDF effect. However, the search of H-mediation is (partially) complementary to that
of the Z ′-mediation in the sense that the latter is not sensitive to the relatively light RHN,
e.g, close to 200 GeV; as a reminder, searching for very heavy MZ′ but light MN encounters
problems like lepton overlapping and so on.
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FIG. 8: The color coding bar indicates the minimal cross section of N pair production(in fb)
required for 3σ signal significance after combining searches for all three signatures. The discovery
reaches for Higgs/Z’ mediated N pair production with different parameter setups are also shown.
IV. CONCLUSION
In many UV completions of the type-I seesaw mechanism, RHNs participate in additional
gauge or Yukawa interactions which contribute to RHN pair production via a s-channel
resonance such as a vector boson Z ′ or scalar boson φ which mixes with the SM Higgs boson
h. Such a scenario provides a promising chance to probe heavy RHN without needing large
mixing between RHN and light active neutrinos.
In this paper, we performed a model independent study of three signatures for the heavy
RHN pair: trilepton from the di-W channel, boosted di-Higgs plus 6ET from the di-h channel
and the hybrid from the hW channel. Our studies are specific to the 14 TeV LHC as well as
the future 100 TeV pp-collider. For each signature, the search strategy is optimized on 4(5)
benchmark points at the 14(100) TeV collider by using the BDT method. Accordingly, 4(5)
signal regions are defined. Those benchmark points with dramatically different kinematic
properties are supposed to represent a large portion of the parameter space in their vicinities,
and therefore those signal regions can be applied to other grids on the MZ′-MN plane with
MZ′ > 2MN to draw a tentative global picture of RHN pair searches. Our studying shows
that, for most grids trilepton always give the most sensitive signature, except in some corner
of the plane which gives rise to the highly boosted RHN pair thus rendering the primary
lepton too close to the hadronically decaying W . Then, the other signatures from the di-h
and hW channels are complementary to the the trilepton signature.
We apply our searches to the benchmark model BLSM and find that the multi-TeV RHN
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can be probed at 14 TeV LHC. At the 100 TeV pp collider, even the remarkable 10 TeV
mass scale RHN could be probed, which enables us to cover most of the parameter space of
low scale seesaw mechanism.
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Appendix A: Benchmark model: local B − L extended standard model (BLSM)
The BLSM is well motivated to understand neutrino physics since it naturally requires
three RHNs to fulfill anomaly cancellation. It offers both resonances given in the simplified
models Eq. (3,4). The particle content of the minimal BLSM is listed in Table. XI.
qL uR dR lL eR NR H Φ
SU(3)c 3 3 3 1 1 1 1 1
SU(2)L 2 1 1 2 1 1 2 1
U(1)Y 1/6 2/3 -1/3 -1/2 -1 0 1/2 0
U(1)B−L 1/3 1/3 1/3 -1 -1 -1 0 2
TABLE XI: Field content and quantum numbers in the minimal BLSM.
.
We briefly introduce the structure of this model. For a more detailed description, we
refer to Ref. [52]. In the first, the Higgs potential of the model is
V (Φ, H) = m21|H|2 +m22|Φ|2 +
λ2
4
|Φ|4 + λ1
4
|H|4 + λ12
4
|Φ|2|H|2, (A1)
which is true for any local U(1) extension, not only for U(1)B−L. The Higgs field Φ develops
a large VEV vX to break B − L, generating masses to ZB−L and RHNs:
MZB−L = 2gB−L
vX√
2
, MN = λN
vX√
2
. (A2)
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It is ready to solve the spectra of Higgs bosons, which obtain the mass squared
m2H1,2 = v
2
λ1
4
+
λ2
4
R2 ∓
√(
λ1
4
− λ2
4
R2
)2
+
λ212
4
R2
 , (A3)
and as well the mixing angle θ defined by tan 2θ = 2λ12R/(λ1 − λ2R2) with R = vX/v  1
to guarantee the presence of a heavy Higgs boson φ ≡ H2 (with h ≡ H1). In the small
mixing limit and utilizing sin θ ≈ −λ12/(λ2R) one can approximate
m2h ≈
λ1
2
v2 − sin2 θm2φ, m2φ ≈
λ2
2
R2v2. (A4)
Next we move to the gauge and Yukawa sectors. We do not want to list the complete terms
in the Lagrangian but merely the relevant terms:
L ⊃ −QfgB−Lf¯γµfZµB−L −
(
yN ¯`LNRH˜ − 1
2
λN(NR)cNRΦ + h.c.
)
, (A5)
where f runs over all B−L charged fermions, carrying charge Qf . With it one can calculate
the decay widths of ZB−L into fermions,
Γ(ZB−L → f¯f) =
MZB−L
12pi
Cf (QfgB−L)2
(
1 + 2
m2f
M2ZB−L
)√
1− 4m
2
f
M2ZB−L
, (A6)
with Cf the color factor. In the massless limit of fermions, the bracing ratio to three
generations of RHN is . 18%. While the branching ratio into a specific flavor is smaller
than 6%. We restrict the discussions into the scenario where narrow width approximation
(NWA) is hold, as yields the upper bound on the gauge coupling:
∑
f
Γ(ZB−L → f¯f) . CNWAMZB−L ⇒ gB−L . 0.49
(
CNWA
0.1
)1/2
. (A7)
CNWA is an artificial parameter, supposed to be sufficiently small to maintain NWA.
Appendix B: Parameterization of the type-I seesaw mechanism
In this section we introduce the widely used parameterization of type-I seesaw mechanism
Eq. (1). Including three generations of RHNs, the masses and mixings can be described by
the 6× 6 mass matrix M, which is diagonalized through the following unitary matrix U :
UTMU =
(
mdiaν
MdiaN
)
with U =
(
UPMNS UνN
UNν 1
)
, (B1)
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where mdiaν = diag(mν1 ,mν2 ,mν3) and M
dia
N = diag(MN1 ,MN1 ,MN1). The charged leptons
are assumed to be already in the mass basis. At leading order in mD/MN (with mD =
yNv/
√
2 the Dirac mass matrix), the mixing matrices are given by
UνN = m
†
D(M
dia
N )
−1, UNν = −(MdiaN )−1mDUPMNS, (B2)
It is convenient to introduce the induced light neutrino mass matrix mν ≡ −UνNm∗D, which
is diagnoalized by the PMNS matrix, leading to mdiaν = U
†
PMNSmνU
∗
PMNS. Using these
relations, one can derive the following equation for UνN ,
UPMNSm
dia
ν U
T
PMNS = −UνNMdiaN UTνN . (B3)
Considering the ii−element of both sides of above equation, one gets the relation::
−
∑
α
(UνN)
2
iαMNα =
∑
j
(UPMNS)
2
ijmνj . (B4)
For the degenerate RHNs, we have
Ui ≡
∑
α
(UνN)
2
iα =
∑
j
(UPMNS)
2
ijmνj/MN .
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